We established an optimal combination of EEG recording during sparse multiband (MB) fMRI that preserves high-resolution, whole-brain fMRI coverage while enabling broad-band EEG recordings which are uncorrupted by MRI gradient artefacts (GAs). We first determined the safety of simultaneous EEG recording during MB fMRI. Application of MB factor 5 4 produced <18C peak heating of electrode/hardware during 20 min of GE-EPI data acquisition. However, higher SAR sequences require specific safety testing, with greater heating observed using PCASL with MB factor 5 4.
. Thus simultaneous recordings enable spatial localization of temporally dynamic response features. EEGfMRI analysis has provided many novel insights into brain function. For example, such analyses have demonstrated specific BOLD correlates of: distinct neurophysiological components including the auditory oddball (B enar et al., 2007; Eichele et al., 2005) and the error-related negativity (Debener et al., 2005) ; as well as specific neural activity in specific frequency bands (Goldman et al., 2002; Laufs et al., 2003) . These studies have shown that simultaneous EEG-fMRI can provide greater specificity regarding the spatial arrangement (Goldman et al., 2009; Novitskiy et al., 2011) or the temporal sequence (Eichele et al., 2005; Mayhew, Li, & Kourtzi, 2012) of responsive brain areas, compared to that revealed by a standard analysis of data from a single neuroimaging modality.
Recently, neuronal activity in the gamma frequency band, which is typically defined as between 30 and 100 Hz, has attracted much interest because gamma synchronization has been linked with a range of cognitive and sensory functions (Buschman and Miller, 2007; Buzsaki and Draguhn, 2004; Colgin et al., 2009; Fries, 2009; Singer and Gray, 1995) . Gamma-band synchronization has been observed in humans using non-invasive imaging methods during visual (Hoogenboom, Schoffelen, Oostenveld, Parkes, & Fries, 2006; Muthukumaraswamy and Singh, 2013) , somatosensory (Bauer, Oostenveld, Peeters, & Fries, 2006) , and auditory (Pantev et al., 1991; Schadow, Lenz, Dettler, Fr€ und, & Herrmann, 2009 ) stimulation. It is also known to be involved in higher cognitive functions such as memory processes (Fell et al., 2001; Howard et al., 2003) and motor control (Brown, Salenius, Rothwell, & Hari, 1998; Cheyne, Bells, Ferrari, Gaetz, & Bostan, 2008; Crone, Miglioretti, Gordon, & Lesser, 1998; Darvas et al., 2010; Gaetz, MacDonald, Cheyne, & Snead, 2010; Muthukumaraswamy, 2010; Schoffelen, Oostenveld, & Fries, 2005) . Therefore, due to the functional importance of gamma frequency activity, characterizing the underlying mechanisms of these responses is of great interest.
The majority of previous work investigating the link between BOLD signals and gamma activity has been conducted using invasive electrode recordings of local-field potentials in humans (Mukamel et al., 2005; Murta et al., 2016; Nir et al., 2007) , primates (Logothetis, Pauls, Augath, Trinath, & Oeltermann, 2001; Magri, Schridde, Murayama, Panzeri, & Logothetis, 2012; Niessing et al., 2005; Scholvinck et al., 2010; Viswanathan and Freeman, 2007) , and rodents (Boorman et al., 2015; Sumiyoshi et al., 2012) . These studies showed the BOLD response is more strongly coupled to gamma frequency activity, compared with the activity in the lower (<30 Hz) frequency bands.
While providing novel insights into neurovascular coupling, findings from invasive animal recordings cannot be easily extrapolated to scalp electrophysiological recordings due to differences in the recording references used and in the spatial scale of the neuronal populations involved in generating the signals (Hall et al., 2005) . In addition, although the coupling between BOLD and gamma-LFP activity is widely cited as principle evidence for the neural underpinnings of hemodynamic-based functional neuroimaging, the majority of these seminal studies have been conducted in visual cortex (Logothetis et al., 2001 ; Viswanathan and Freeman, 2007) , with some exceptions in auditory cortex (Mukamel et al., 2005) . A wider understanding in other brain regions, for example, sensorimotor cortex, is important to fully establish the fundamental nature of the gamma-BOLD relationship.
Such investigations are particularly important given the recent doubt cast on the functional importance of narrow-band gamma responses in visual cortex (Hermes, Miller, Wandell, & Winawer, 2014) , and the BOLD correlates of broader high-frequency activity (Winawer et al., 2013) . Therefore, noninvasive simultaneous EEG-fMRI recordings in humans offer many potential advantages for relating gamma and BOLD signals. Possibilities include extending previous studies suggestions of a strong gamma-BOLD relationship by investigating this coupling in motor paradigms, which have been widely shown to induce robust increases in gamma power (Cheyne et al., 2008; Crone et al., 1998; Gaetz et al., 2010; Muthukumaraswamy, 2010) , and gaining a fuller understanding of the fundamental relationship of these signals to each other and also to human behavior (Hoogenboom, Schoffelen, Oostenveld, & Fries, 2010; Womelsdorf, Fries, Mitra, & Desimone, 2006) .
However, few simultaneous EEG-fMRI studies have investigated gamma activity due to technical limitations as detailed below, and consequently the relationship between hemodynamic responses and the gamma band activity in humans remains incompletely understood (Logothetis, 2008) . The recording of EEG data in the MRI environment is technically challenging primarily due to the effect of the MRI on the EEG data quality. Namely, EEG data are corrupted by the gradient artefact (GA) produced by the time-varying magnetic field gradients needed for imaging, the pulse artefact produced by cardiac pulse driven motion in the strong magnetic field of the MR scanner, and motion artefacts due to head movement in the MR environment . The frequency characteristics of these artefacts mean that the GA is the primary problem for studying gamma band activity, with residual GAs easily obscuring the small amplitude neuronal signal of interest even after correction (Mullinger, Morgan, & Bowtell, 2008b; Mullinger, Yan, & Bowtell, 2011) .
Despite the technical challenges, a few studies have attempted to study the gamma band using concurrent EEG and fMRI measures (Castelhano, Duarte, Wibral, Rodriguez, & Castelo-Branco, 2014; Green et al., 2017; Leicht et al., 2016; Mantini, Perrucci, Del Gratta, Romani, & Corbetta, 2007; Michels et al., 2010; Mulert et al., 2010; Rosa, Kilner, Blankenburg, Josephs, & Penny, 2010; Scheeringa et al., 2011) . Of these, a number limited the frequency range of the measured gamma band to a range of 30-50 Hz (or narrower) to avoid the high frequencies where the GAs dominate (Mantini et al., 2007; Mulert et al., 2010; Rosa et al., 2010) . However, this band-limiting approach is clearly suboptimal when gamma responses that are often reported in the upper portion of the 30-100 Hz frequency range (Muthukumaraswamy, 2010) have been related to behavior and other neuronal measures, for example, GABA concentration (Muthukumaraswamy, Edden, Jones, Swettenham, & Singh, 2009 ). An alternative approach taken by other studies, or in addition to band-limiting gamma, has been to adopt a sparse fMRI sequence (Leicht et al., 2016; Mulert et al., 2010; Scheeringa et al., 2011) rather than conventional, continuous fMRI acquisition.
Sparse sequences feature an acquisition time shorter than the repetition time (TR) of the MRI sequence in order to provide a time window with no MRI gradients present in which to collect EEG data.
As a result, this approach enables the full gamma frequency range to be investigated. However, conventional MRI sequences require a long TR (>3 s) and/or small number of slices to be acquired to provide the required sparsity, imposing limitations in the temporal sampling or spatial coverage possible and consequently limiting the utility of the fMRI data acquired. Therefore, to optimize simultaneous EEG-fMRI recordings to study gamma-BOLD coupling, we need to establish a novel method to obtain cleaner EEG data in the high-frequency (>30 Hz) band. Multiband (MB) fMRI has the potential to overcome the limitations imposed by conventional sparse fMRI sequences. MB acquisition (Feinberg et al., 2010; Moeller et al., 2010) can be employed to shorten repetition times (TR), increase brain coverage for a given TR, or shorten the acquisition time of whole-head fMRI in a sparse fMRI sequence which would lengthen the gradient-free time window in which EEG data can be collected. Sparse MB fMRI acquisitions, therefore, offer great potential for improving EEG data quality during simultaneous acquisitions. However, due to the additional radio frequency (RF) power of MB excitation, the safety of EEG-MB fMRI acquisitions must be assessed (Auerbach, Xu, Yacoub, Moeller, & Ugurbil, 2013) . In addition, as MB methods can affect temporal signal to noise (tSNR) of fMRI data (Chen et al., 2015; Todd et al., 2016) assessing the implementation of MB and the effect on fMRI tSNR is also important to enable optimized EEG-fMRI studies to take place. Therefore, the aim of this work was to assess the overall feasibility of recording EEG simultaneously with MB fMRI in humans. This took place in three parts: (i) assessing the safety implications of EEG-MB fMRI; (ii) assessing the tSNR of MB fMRI; and (iii) applying an optimized EEG-MB fMRI approach to investigate single-trial coupling relationships between MB-BOLD and gamma and beta frequency EEG responses to a finger-abduction motor task. We chose to investigate motor responses as an event-related synchronization (ERS) of gamma oscillations (reflecting an increase in power), typically accompanied by desynchronization (ERD) of beta frequency (15-30 Hz) oscillations (reflecting a reduction in power), in the primary motor cortex contralateral to the movement have been well documented using invasive electroencephalography (ECoG) (Darvas et al., 2010) , MEG (Muthukumaraswamy, 2010) , and EEG (Cheyne et al., 2008 ) (for reviews, see Cheyne and Ferrari, 2013; Cheyne, 2013; Muthukumaraswamy, 2013) . To our knowledge, the motor gamma-BOLD relationship has not previously been investigated with simultaneous EEG-fMRI acquisition in humans. Therefore, through this proof of concept study, we also aim to widen the understanding of gamma-BOLD coupling across the cortex. We hypothesize that the single-trial positive BOLD response in contralateral motor cortex will correlate positively with gamma power ERS and negatively with beta power ERD.
| M E TH ODS
Data were acquired and analyzed in two stages. Stage one consisted of initial safety testing and image-quality optimization of EEG-MB fMRI; while stage two involved the application of the optimized scanning protocol for the concurrent EEG-fMRI study of human brain responses during motor tasks.
During both stages, EEG data were acquired using BrainAmp MRplus EEG amplifiers (Brain Products, Munich) with 5 kHz sampling rate and an MR-compatible 63-channel EEG cap (EasyCap, Herrsching).
The hardware band-pass filters were set to a 0.016-250 Hz range, with a roll-off of 30 dB/octave at high frequency. Electrode layout followed the extended international 10-20 system with an additional channel for recording the electrocardiogram (ECG). FCz was used as the reference electrode. A 3 T Philips Achieva MRI scanner with a body transmit and 32-channel receiver-array head coil was used for MR data acquisition. The MB implementation for fMRI acquisitions in this study was from Gyrotools, Zurich. MR-EEG scanner clocks were synchronized for all EEG data acquisition (Mullinger et al., 2008b) . All data acquisition on humans was performed with approval from the local ethics committee and informed consent was obtained from all subjects involved in this project.
| Safety testing
Safety testing was performed on a conductive, head-shaped phantom with a conductivity of about 0.5 X 21 m 21 to mimic skin conductivity (Yan, Mullinger, Geirsdottir, & Bowtell, 2010 (2) pseudo-continuous arterial spin labelling (PCASL)-GE-EPI (using:
TR/TE 5 3,500/9.8 ms, SENSE 5 2, slices 5 32, B1 RMS 5 1.58 lT, SAR/head 5 46%). Between the two MRI scans, there was a 10 min period without scanning to allow a return to baseline following any heating effects from the previous MRI scan.
The mean baseline temperature at each thermometer location was determined using the 5 min recording prior to each MRI scan. For each location, the mean baseline temperature was then subtracted from the temperature timeseries recorded during each scan to give the change in temperature across the whole 20 min scan period.
| Image quality: tSNR
To assess the effect of the implementation of MB excitation on the fMRI signal tSNR, fMRI data were recorded on 3 healthy adult subjects (age 32 6 2 years) during five different GE-EPI pulse sequences: was also acquired for each subject.
| Analysis
For each subject, the anatomical image was used to segment the grey matter (FSL FAST, https://fsl.fmrib.ox.ac.uk/fsl/) (Zhang, Brady, & Smith, 2001 ) which formed a mask for subsequent analysis. The tSNR was calculated in every grey matter voxel (Eq. 1) and then averaged over voxels for each subject. The group mean and standard deviation in grey matter of the tSNR was then found for each of the five scans to assess the change in tSNR with MB factor and slice acquisition scheme.
tSNR voxel 5 mean signal over time voxel standard deviation over time voxel (1)
| ST AG E 2 : EE G-F M RI M OTOR ST UD Y
Twelve right-handed subjects (10 males, 2 females, age 5 26.6 6 5.7 years) took part in the study. After initial data processing, two subjects were excluded from further analysis due to repeated, excessive head motion (>4 mm, as assessed from fMRI realignment parameters).
| Data acquisition
The EEG cap was put on the subject and all electrode impedances were maintained below 10 kX for the duration of the study. EEG-fMRI data were acquired using a sparse GE-EPI scheme (TR 5 3,000 ms (of which, acquisition time 5 750 ms, quiet period 5 2,250 ms), TE 5 40 ms, MB factor 5 3, 33 slices, voxels 5 3 mm 3 , SENSE 5 2, FOV 5 240 3 240 mm, flip angle 5 798, 192 volumes, SAR/head < 7%).
These parameters had been optimized based on the results of Stage 1 and the requirements of the paradigm (see below). High-frequency (>30 Hz) artefacts were minimized by mechanically isolating the EEG amplifiers from the scanner bed and minimizing MR scanner room environment noise (Mullinger et al., 2013; . In addition, the subject was positioned such that electrodes Fp1 and Fp2
were at the isocenter in the foot/head direction so as to further reduce the amplitude of the GAs . Foam padding was placed around the subject's head to reduce motion-related artefacts.
The EEG and MR scanner clocks were synchronized (Brain Products 
| Paradigm
Subjects performed abduction movements of the right-hand index finger in time with an auditory cue (1 kHz tones, 50 ms duration, and 2.5 Hz presentation rate) that was delivered to both ears via headphones, as previously employed in an MEG study (Muthukumaraswamy, 2010) . A single trial consisted of four abduction movements which were performed briskly following each auditory cue within the MR gradient quiet period of a single TR. The onset of the first cue was 250 ms after the end of the MR acquisition in that TR, such that the cues occurred at 1,000, 1,400, 1,800, and 2,200 ms relative to the start of a given TR, resulting in all movements occurring within a 1. 
| Analysis Electroencephalography
Cardiac R-peaks were detected from the VCG recording and used to inform pulse artefact correction of data recording inside the scanner (Mullinger et al., 2008b) . For both EEG and EMG data, gradient and pulse artefacts were corrected in BrainVision Analyzer2 using sliding window templates formed from the averages of 45 and 21 artefacts, respectively, which were subtracted from each occurrence of the respective artefacts. https://sccn.ucsd.edu/eeglab/) was then used to remove eye-blinks/ movements (Delorme and Makeig, 2004; Jung et al., 2000) , with an average of 2 ICs (SE 5 1) removed per subject, and data were rereferenced to an average of all non-noisy channels.
Individual, four-layer (scalp, skull, CSF, and brain) boundary element (BEM) head models were constructed from the T1 anatomical image of each subject using the Fieldtrip toolbox (http://www.ru.nl/ neuroimaging/fieldtrip) (Oostenveld, Fries, Maris, & Schoffelen, 2011) .
A Linearly Constrained Minimum Variance (LCMV) beamformer (Robinson and Vrba, 1999; van Drongelen, Yuchtman, Van Veen, & van Huffelen, 1996; van Veen, van Drongelen, Yuchtman, & Suzuki, 1997) was then employed to separately spatially localize changes in each subject's gamma (55-80 Hz) and beta (15-30 Hz) frequency oscillations (filtered using second-order Butterworth filters implemented in Matlab) in response to abduction movements. The optimal frequency band for the localization of gamma ERS was determined based on an iterative process of initially investigating time-frequency spectrograms created from broad gamma band (30-100 Hz) source localization and observing that consistently, across subjects, the peak gamma ERS was found in the 55-80 Hz, gamma band range, in agreement with many previous findings (Ball et al., 2008; Cheyne et al., 2008; Muthukumaraswamy, 2010 ; for reviews, Cheyne and Ferrari, 2013; Cheyne, 2013; Muthukumaraswamy, 2013) . and beta neuronal responses, respectively. All regressors were convolved with the double-gamma HRF. Both positive and negative contrasts were assessed for each regressor. For each subject and frequency band, first-level results were combined across all four runs using a second-level, fixed effects analysis to calculate an average response per subject. These results were then combined across all subjects at the third, group-level using an FLAME mixed-effects analysis (Woolrich, Behrens, Beckmann, Jenkinson, & Smith, 2004) . As our apriori hypothesis was to investigate motor fMRI responses and their correlation with gamma and beta EEG activity, a mask of motor cortex (Oxford-Harvard cortical atlas, FSL) was applied as prethreshold mask to all group-level statistical maps before cluster correction. Main effect (boxcar model of the task) and the single trial EEG regressor correlation BOLD Z-statistic images were threshold using Z > 2.3 and cluster corrected significance threshold of p < .05.
| R E SU LTS
5.1 | Stage 1: Feasibility testing
| Safety testing
The temperature changes measured at all thermometer sensors during the GE-EPI sequence are plotted in Figure 2 . The greatest heating was observed in the ECG channel, which showed a 0.58C increase. This temperature increase occurred gradually over the first 10 min and then stabilized and showed no further change. Nominal heating was observed in the other channels. The higher SAR of the PCASL sequence resulted in a greater heating effect than the GE-EPI, again the largest temperature increase was seen in the ECG channel (0.98C) with increases in other channels (TP8 5 0.88C) also observed (Supporting Information, Figure S1 ). As this GE-EPI sequence, with parameters chosen to maximize SAR, showed no heating effect close to 18C, the use of the MB GE-EPI (with parameters resulting in lower SAR) with the EEG system was regarded safe for the following experiments (Carmichael et al., 2008 ; Medicines and Healthcare Products Regulatory Agency, 2015).
| Image quality: tSNR
The variation in BOLD tSNR with MB factor 5 1-3 and slice spacing acquisition is summarized in Table 1 . These data indicate that the variability in tSNR between subjects was far larger than the variability of tSNR with imaging parameters. Figure 3 shows the spatial variation in tSNR over a single slice for each subject for the two sparse imaging acquisition sequences tested, which were the most promising sequences for our EEG-fMRI application. Visual inspection of the images in Figure 3 and direct comparison of the mean and standard deviation of tSNR within subjects shows no clear change in tSNR (12.6 6 22% between MB factors 2 and 3) between MB factors. As, for sparse sequences, using an MB factor of 3 compared with 2 results in a 33% reduction in the time required to acquire the same number of slices the FIG URE 2 Temperature changes at EEG electrodes, cable bundle, and a control location on the scanner bore during a 20-min GE-EPI sequence scan (MB factor 5 4, TR/TE 5 1,000/40 ms, SENSE 5 2, slices 5 48, B1 RMS 5 1.09 lT, SAR/head 5 22%) using a Philips Achieva 3 T MRI scanner. Temperature was calculated relative to an initial 5 min baseline recording made before the scan started [Color figure can be viewed at wileyonlinelibrary.com] MB factor of 3 was chosen for the EEG-fMRI experiment, to maximize the duration of the MR quiet-period for EEG measurements without degradation of the tSNR.
| Study 2: EEG-fMRI motor study
All subjects performed the abduction task as instructed, judged by visual inspection of the EMG data showing increases in power during brisk finger movements which accurately timed to the auditory cues, and EMG power returning to rest levels during the baseline periods showing subjects remained still in these periods. Mean rectified EMG activity during the passive and active periods is shown for three representative subjects in Figure 4 . mm (see Figure 5b , crosshair), where errors denote standard error over subjects. Both these locations lie in the postcentral gyrus, the gamma VE location was found to be significantly more medial (t(9) 5 3.76, p 5 .004 paired t-test) than the beta VE location, but no difference in the y (t(9) 5 0.41, p 5 .69) or z (t(9) 5 1.32, p 5 .21) co-ordinates was observed. 
| D I SCUSSION
Here, through a series of experiments we show that, with the right safety precautions and MRI sequence choice, it is safe to simultaneously acquire EEG data with MB fMRI data, despite the higher peak RF power required for MB acquisitions compared with conventional fMRI acquisitions. We also show that, for the implementation of MB used here, there is no measurable degradation of the fMRI signal tSNR when moving to a sparse acquisition with a MB factor of 3 compared with the conventional continuous equi-spacing acquisition with no MB factor, allowing for the presence of physiological noise. We finally show the considerable gains that can be achieved in using MB fMRI with concurrent EEG data acquisition by studying gamma-BOLD coupling with a simple motor task. We were able to reliably detect the gamma response to finger abductions within cM1 and found that this response was positively correlated with the BOLD response in bilateral primary motor cortex with activation extending directly posterior to the handknob area of the contralateral motor cortex.
| Safety and signal quality considerations
We show that for a GE-EPI sequence using an MB factor of 4 resulting in a B1 RMS 5 1.09 lT, SAR/head 5 22% that the maximum heating observed over a 20 min period was 0.58C (Figure 2) , which is considerably less than the recommended 18C safety limit (Medicines and Healthcare Products Regulatory Agency, 2015) . Furthermore the majority of this 0.58C temperature increase was observed within the first 5-6 min of scanning after which the temperature remained relatively constant suggesting that there is not a linear heating effect over time. Therefore, even if data were continuously acquired for a longer period, which is uncommon in neuroimaging studies, the risk to the subject is unlikely to increase greatly. A similar pattern of heating was observed for the PCASL sequence where the greatest heating occurred in the first few minutes before a plateau was reached (Supporting Information, Figure S1 ). However, this heating effect was far greater, up to 0.98C over the electrodes and locations measured, reflecting the increased B1 power used in that sequence (B1 RMS 5 1.58 lT, SAR/head 5 46%). As this temperature rise was only just within the safe limit for human tissue (Medicines and Healthcare Products Regulatory Agency, 2015) and given that not all locations on the phantom were monitored, we would strongly suggest sequences such as MB-PCASL should not be used with concurrent EEG recordings. Although we did not record temperature data from occipital electrodes due to practical limitations, we believe temperature increases at T7/T8 are likely to approximate the O1/O2 electrodes, due to similar wire lengths. The greatest heating effect in both GE-EPI and PCASL scans was observed in the ECG lead. This lead is considerably longer than the other leads in the EEG cap, which probably resulted in greater RF absorption in this lead (Mullinger, Debener, Coxon, & Bowtell, 2008a) causing the larger heating effect observed here. Given the potential to use the VCG system, supplied by the MRI manufacturer, to monitor the cardiac cycle (Mullinger et al., 2008b) , it would be possible to reduce the risk of heating effects by removing the ECG lead and electrode from the EEG setup. However, given the increase in temperature (0.88C) in the Tp8 electrode, which also has a relatively long lead, the removal of the ECG lead alone is unlikely to ensure that high SAR sequences can be run safely with EEG system present. These findings are in general agreement with recent work that also considered safety implication of MB (Foged et al., 2017) . It is also important to note that minimal heating effects were observed at the MRI scanner bore location suggesting that the MR scanning was not increasing the ambient temperature of the bore. Therefore, the observed electrode heating specifically arose from the interaction between the EEG system and the RF slice excitation pulses. These data highlight the potential dangers of using MB sequences for EEG-fMRI where high SAR values can arise from the increased B1 (Collins and Wang, 2011) and the need for specific safety testing of any sequences used. As there are choices in how the RF pulses required for MB sequences can be implemented, with varying effects on SAR (Feinberg and Setsompop, 2013; Norris, Koopmans, Boyacioglu, & Barth, 2011; Wong, 2012) , it is important that MB implementations by different MR manufactures and software providers are individually tested before being used in human experiments.
It is known that the use of MB can reduce image quality and consequently degrade the temporal stability of the signals acquired using EPI based sequences (Chen et al., 2015; Todd et al., 2016) . However, due to the ability of MB to shorten the TR, the increased temporal sampling can result in increased signal sensitivity per unit time and enhanced t-statistics of activation maps (Todd et al., 2016) . MB fMRI has been shown to be useful in a number of different applications as its conception only a few years ago, with the relative gains in sampling rate and voxel size that it can provide offsetting any signal quality degradation incurred (Boyacio glu, Schulz, Koopmans, Barth, & Norris, 2015; Feinberg et al., 2010; Moeller et al., 2010; Olafsson, Kundu, Wong, Bandettini, & Liu, 2015) . Indeed, our own investigations showed that the variation in tSNR over subjects was far greater than the variation in tSNR between the sequences tested with different MB factors and slice acquisition schemes (Table 1 ). This suggests that the tSNR measures were dominated by physiological noise and anatomical variability rather than imaging sequence differences. Even when changes in tSNR within subjects between MB 2 and 3 were considered there no clear reduction was seen with increasing MB factor (Figure 3 ) in these data. By using MB factor 5 3 with sparse slice acquisition we were able to maintain whole-head coverage while obtaining a 2.25 s MR quiet period, within our 3 s TR, in which to study EEG-BOLD coupling.
Therefore, the relative gain in quiet period time far outweighed effects on tSNR which were encountered.
| Benefits of MB fMRI for the simultaneous recording of high-frequency EEG signals
The presence of residual GAs in EEG data at frequencies above 20 Hz shows the necessity of an MR quiet period to provide the best SNR for studying beta and gamma band signals. These residual artefacts are present despite strict adherence to best-current practice acquisition and the implementation of hardware solutions (synchronization (Mandelkow et al., 2006; Mullinger et al., 2008b) and optimal positioning ) and beamforming postprocessing (Brookes, Mullinger, Stevenson, Morris, & Bowtell, 2008; Brookes et al., 2009) which are all designed to minimize the residual GAs. While the magnitude of the residual GA appears to increase with frequency ( Figure 6 ), it is actually relatively constant across the frequency bands above 20
Hz (Supporting Information, Figure S4c,d ), but the relative contribution of the GA to the overall signal is increased due to the decrease in the amplitude of the underlying neuronal activity at higher frequencies resulting in Supporting Information, Figure S4e ,f. These residual artefacts are likely to be caused by submillimeter movements of the subject's head during data acquisition causing small changes in the GA profile, preventing perfect correction by template subtraction methods (Ritter, Becker, Graefe, & Villringer, 2007; Yan, Mullinger, Brookes, & Bowtell, 2009) . Given that such small head movements cannot be eliminated during acquisition and the current lack of a postprocessing method to completely remove residual GAs from the EEG data, despite considerable effort by a number of groups (Brookes et al., 2008; Freyer et al., 2009; Maziero et al., 2016; Moosmann et al., 2009) , the merit of an MR quiet period, that enables the study of higher frequency neuronal activity unadulterated by concurrent fMRI acquisition, is clear.
Indeed, using a sparse MR sequence incorporating quiet periods has previously been implemented to allow the study of gamma band activity during fMRI (Leicht et al., 2016; Mulert et al., 2010; Scheeringa et al., 2011) . We have extended these previous works by showing that beta and gamma band activity from motor cortex can be measured in the MRI environment. We observed an ERS of gamma band power during the abduction movements compared with rest ( Figures 5a and 6a,b) localized to cM1, in close agreement with previous MEG studies (Ball et al., 2008; Cheyne, 2013; Darvas et al., 2010; Muthukumaraswamy, 2010) . This gamma band response was accompanied by a decrease (ERD) in beta band power (Figures 5b and 6c,d ) which was observed in bilateral M1, in agreement with previous studies collected outside an MRI environment (Darvas, Rao, & Murias, 2013; Jurkiewicz, Gaetz, Bostan, & Cheyne, 2006; Muthukumaraswamy, Singh, Swettenham, & Jones, 2010) . Interestingly, previous invasive and noninvasive electrophysiological recordings have shown that the gamma ERS is more spatially focal to cM1 than the beta ERD (Darvas et al., 2013; Miller et al., 2007) , which was also observed in our data. In addition to the difference in the spatial localization of the gamma/beta responses, we also observed different temporal profiles between the spectral responses from these locations. The gamma ERS covered a relatively large frequency range (50-80 Hz) and, while it could be seen for the entire movement period, it was strongest at initial movement onset (i.e., 0-0.5 s; Figure 6a ). The beta ERD was found to be much stronger and was present consistently throughout the entire movement period.
Together these differences in spatial location and temporal response profile suggest different neuronal populations are driving these two responses, in line with previous findings (Darvas et al., 2010; Miller et al., 2007) .
Given the considerable advantages of MRI for providing excellent spatial resolution of brain activity (De Martino et al., 2015; Heidemann et al., 2012) , it is highly desirable to take advantage of this feature in the investigation of the origin of electrophysiological responses, where noninvasive EEG/MEG recordings are limited. However, previous studies (Leicht et al., 2016; Mulert et al., 2010; Scheeringa et al., 2011) have required considerable compromise on spatial resolution (slice thickness ranging from 4 to 8 mm with slice gaps of 0. extends to directly posterior to the hand-knob area of the left sensorimotor cortex, further suggesting this was a localized, task-specific response. The bilaterality of this correlation, given the gamma ERS was lateralized to the left cM1, appears surprising, but falls consistently within the bilateral somatosensory cortex and therefore is likely to arise due to the mutual correlation of BOLD signals between the contralateral and ipsilateral regions of the somatosensory network for this task.
It is unsurprising given the robust task employed that the BOLD response was well characterized by a simple boxcar model and that this showed the strongest activations in the motor network. However, single-trial variability in BOLD and gamma ERS response amplitudes was well coupled in the somatosensory network. This finding supports previous work showing a tight coupling of natural variability in BOLD and gamma responses in the visual system (Logothetis, 2003; Scheeringa et al., 2011) and extends these findings into the sensorimotor modality. It is likely that the BOLD-gamma coupling was most evident in the sensory network where the variability to the task was the greatest and therefore least explained by the boxcar constant main effect.
We hypothesize that a greater amount of response variability was elicited in the somatosensory network than the motor cortex as the subject's abduction movements showed such a high level of consistency in both timing and amplitude (Figure 4 ), reflecting similar motor output.
However, it is possible that the sensation of finger movement, and thus the somatosensory input, may have varied depending on what external surfaces were touched with the finger when subjects' arms were slightly cramped for space inside the scanner. While this cannot be proven with these data, it provides a basis for further investigation.
The lack of significant correlation between the beta ERD and BOLD responses appears a surprising result given previous reports of negative beta-BOLD correlations (Ritter, Moosmann, & Villringer, 2009 ) and the clear beta band responses which we observed ( Figure   5b ). However, here we considered the variability in the EEG response which explained variance in the BOLD data in addition to that explained by a constant amplitude boxcar model. Further inspection of our data with a fixed effects cluster corrected Z > 2.0 group analysis showed that beta-BOLD correlations were observed in central and ipsilateral motor cortex, but these did not survive mixed effects Z > 2.3. Therefore, it seems that the effect size was too weak for the beta correlation to arise in our data sample. Beta ERD is widely observed during preparation and execution of movements (Engel and Fries, 2010; Ritter et al., 2009; Zaepffel, Trachel, Kilavik, & Brochier, 2013) ; however, there is a sparsity of evidence directly linking parameters of the beta ERD amplitude to the quality of motor performance, leaving much still to be understood concerning beta oscillations precise functional role (Engel and Fries, 2010; Kilavik, Zaepffel, Brovelli, MacKay, & Riehle, 2013; Pogosyan, Gaynor, Eusebio, & Brown, 2009 ).
Given the beta ERD has been considered to be a simple gating mechanism (Fry et al., 2016; Stevenson, Brookes, & Morris, 2011) required to allow neuronal activity involved in task execution to take place in other -typically higher-frequency bands, it is conceivable that the amplitude variability of the ERD is less related to the task performance and reflects more of a binarized signal to permit the necessary activation.
In conclusion, we show that EEG can be safely acquired concurrently with GE-EPI MB-fMRI data and allows the investigation of neuronal and hemodynamic task responses with high spatial, temporal, and spectral resolution. We use a simple motor task in this work to show 
